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Li-rich layered materials are important cathode compounds used in commercial lithium ion batteries,
which, however, suffers from some drawbacks including the so-called voltage fade upon electrochemical
cycling. This study employs novel transmission X-ray microscopy to investigate the electrochemical re-
action induced morphological and chemical changes in the Li-rich Li2Ru0.5Mn0.5O3 cathode particles at
the meso to nano scale. Combined X-ray spectroscopy, diffraction and microscopy experiments are
performed to systematically study this cathode material's evolution upon cycling as well as to establish a
comprehensive understanding of the structural origin of capacity fade through 2D and 3D ﬁne length
scale morphology and heterogeneity change of this material. This work suggests that atomic manip-
ulation (e.g. doping, substitution etc.) or nano engineering (e.g. nano-sizing, heterogeneous structure) are
important strategies to mitigate the internal strain and defects induced by extensive lithium insertion/
extraction. It also shows that maintaining the structural integrity is the key in designing and synthesizing
lithium-rich layered materials with better cycle stability.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The development of high capacity lithium-ion cathode mate-
rials is important for the production of high energy density bat-
teries. High lithium storage capacity, however, is often accom-
panied by more complex phase transitions associated with sub-
stantial structural rearrangement. On one hand, it may hinder fast
ion transport and thus limit high output rate capability [1–4]; on
the other hand, the large extent of lithium extraction and insertion
may cause volume changes, which induce strain and therefore
morphological changes affecting the electrochemical behavior of
the electrodes [5–8]. Taking layered oxide cathode materials as an
example, the α-NaFeO2 type composition (LiTMO2, TM¼transition
metal ions), such as LiCoO2 [9], LiNi0.8Co0.15Al0.05O2 (NCA) [10,11],Ltd. This is an open access article u
try, Brookhaven National La-
slac.stanford.edu (Y. Liu),and LiNixCoyMnzO2 (NMC) [12], are important cathode compounds
used in commercial lithium ion batteries. These compounds have
achieved reversible capacity approaching 200 mA h g1 with ex-
cellent cycle and rate performances [13–15]. The partial substitu-
tion of the transition metals by Li has led to the so called Li-rich
layered materials (Li1þxTM1xO2), which promise reversible ca-
pacities exceeding 280 mA h g1 when charging to voltages above
4.5 V [16–24]. However, Li-rich layered materials suffer from some
problems such as poor rate capability, and especially the so-called
voltage fade [25–29]. Many groups worldwide are investigating
the origin of voltage fade. In view of the chemical composition of
the Li-rich layered materials, Li1þxTM1xO2, the redox reactions
on transition metal ions are not able to compensate for the charge
neutrality in the condition of deep delithiation, and anion redox
reactions have been proved to participate into the charge com-
pensation in the form of O2/O (or O-O dimer) [30–32]. The
peroxo-like species are chemically meta-stable and oxygen release
is inevitable upon cycling [33,34], accompanied by reduction of
transition metal ions and irreversible structural change from
layered-to-spinel phase contributing to the voltage fade [33,35–
38]. Efforts have been made to conﬁrm this relationship andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. a) XRD pattern of pristine Li2Ru0.5Mn0.5O3. The inset ﬁgure shows the
HADDF-STEM image along [100] zone axis; b) Room temperature charge-discharge
curves of Li/Li2Ru0.5Mn0.5O3 cell cycled between 2 V and 4.6 V at a current density
of 22 mA g1.
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nipulating the scale of oxygen release by element substitution
[39,40].
One important aspect that needs more attention is the mor-
phological change of sample particles upon electrochemical cy-
cling [41], which may also strongly inﬂuence the reaction path-
ways that facilitate the layered-to-spinel phase transition. The
deep delithiation or lithiation of the Li-rich layered oxides appears
to cause signiﬁcant volume change, or even rearrangement of the
oxygen framework (from ccp to hcp stacking) due to the formation
of the O1 or 1T phase respectively [42,43]. Such substantial
structural rearrangements cause morphological changes as well as
the formation of micro-structural defects, facilitating the oxygen
release process and accelerating the layered-to-spinel phase
transition. Zheng et al. found "sponge-like structure" and "frag-
mented pieces" on the surface of cathode materials after extended
cycling [44]. Ito et al. observed micro-cracks in highly delithiated
(44.5 V) samples and suggested that these cracks could deterio-
rate the electrochemical performance in subsequent cycles [45].
These observations suggest an intimate link between the mor-
phological changes and the electrochemical performances. How-
ever, based on the characterization tools used in these studies,
these results are limited in some localized regions at nanometer
scale.
Therefore, observation at meso scale is highly desirable to
provide the full picture of the morphological evolution of the
electrode materials at the particle level. The full ﬁeld transmission
X-ray microscopy (TXM) capable of 3D imaging at high resolution
over a large ﬁeld of view of 3030 mm2 is an ideal tool for such
observation [46]. In addition, it can provide the spectroscopic in-
formation to distinguish the different morphological and chemical
evolutions between bulk and surface regions of the sample par-
ticles for battery materials. In this work, TXM measurements
performed on Li-rich layered cathode material Li2Ru0.5Mn0.5O3 are
reported. The morphological and chemical evolution of electrode
particles upon electrochemical cycling are quantiﬁed and directly
visualized in order to correlate the observed evolution of the
particles to the electrochemical degradation behaviors.2. Result and discussion
2.1. Lithium rich cathode materials Li2Ru0.5Mn0.5O3
As a model material, the Ru containing lithium rich cathode
material, the Li2Ru0.5Mn0.5O3, is being intensively studied for high
energy density battery materials [47–49]. A representative scan-
ning electron microscopy image of a Li2Ru0.5Mn0.5O3 electrode
used in this study is shown in Fig. S1. It has the rock salt structure
similar to Li2MnO3 (C2/m) with the same oxygen-ion lattice frame
ﬁlled alternatively by Li only and by [1/3Li, 2/3Ru-Mn] [50,51]. The
presence of the Ru improves the electronic conductivity of the
material with electrochemical performances enhanced in terms of
cycle and rate capability. Fig. 1a shows the X-ray diffraction (XRD)
pattern of a pristine Li2Ru0.5Mn0.5O3 sample. All Bragg peaks can
be indexed by a layered structure with C2/m space group, similar
to structures reported in the literatures [47,48].
The high-angle annular dark ﬁeld scanning transmission elec-
tron microscopy (HAADF-STEM) image of pristine material along
the [100] zone axis is shown in the inset of Fig. 1. Since the image
intensity of each atomic column reﬂects the average atomic
number of each column (approximately scaled by Z1.7), bright dots
are assigned to the heavy atomic columns (Ru and Mn) in
Li2Ru0.5Mn0.5O3, while light atoms (O and Li) are nearly invisible in
the image. The regular intra-plane arrangement of "-Li-TM-TM-Li-"
in the transition metal layer is directly observed in the HADDF-STEM image, similar to that observed in Li2MnO3 [51]. No distinct
contrast of the bright dots can be observed in the presented area,
indicating the uniform distribution of Ru and Mn at the nano scale.
The room temperature charge-discharge curves of Li/
Li2Ru0.5Mn0.5O3, cycled between 2.0 and 4.6 V at a current density
of 22 mA g1 are plotted in Fig. 1c. The ﬁrst charge curve shows a
plateau and the subsequent charge-discharge curves have an 'S'
shape without a clear plateau. The cell demonstrated a ﬁrst charge
capacity of 280 mA h g1 and reversible capacity of
180 mA h g1, slightly lower than that reported by Sathiya et al.
[48]. Although it has been reported that the oxygen release can be
signiﬁcantly suppressed in Ru-containing lithium rich layered
compounds, the voltage fade can still be seen through the de-
creasing discharge voltage upon cycling, indicating the gradually
activated Mn redox reaction. The spatially-resolved imaging and
spectroscopic investigations about this process is elucidated in
detail below.
2.2. Spectro-microscopic study of Li2Ru0.5Mn0.5O3 at particle scale
Ex situ TXM experiments were performed in this study, in
which samples of Li2Ru0.5Mn0.5O3 electrode at different stages of
the battery lifetime were used: pristine (prior to any electro-
chemical cycling), 01-cycled, 10-cycled, and 20-cycled. In order to
visualize and to understand the electrochemical reaction induced
morphological changes at the meso to nano scale, representative
electrode particles of 10 mm diameter were imaged using TXM at
beamline 6-2C at the Stanford Synchrotron Radiation Light Source.
It is worthwhile to note that although only one selected particle at
each cycling history is presented in-details in this work, multiple
particles were scanned to ensure the presented analysis is statis-
tically representative.
Fig. 2. 3D visualization of the particles at a) pristine, b) 01-cycled, c) 10-cycled, and
d) 20-cycled. The internal pore space (black) develops from isolated voids into large
and interconnected network. More detailed visualization of these particles can be
found in Fig. S2.
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As shown in Fig. 2 and Fig. S2 in the supplementary materials,
the void parts, which are rendered by the dark surface, appear to
be isolated pockets in the pristine and 01-cycled samples. This
observation suggests that in the process of the nanoscale primary
particle aggregation, completely close packing was not achieved
resulting in observed voids in the as-made particles. As the cath-
ode material undergoes repeated electrochemical cycling, the void
space further developed changing the morphology in many as-
pects including the increment in the volume fraction of the void
space (i.e. the porosity) within the particle [52–54]. The reduction
in pore space complexity is indicated by the increment in shape
factor ε_complexity, which is a measurement of complexity in the
void space morphology [55]. We would point out that the com-
plexity of the sample morphology could also be quantiﬁed using
other methods [56]. The evaluation of the trend of morphological
change has been successfully demonstrated using both of these
methods [55,56]. Furthermore, the pore space becomes an inter-
connected pore network after 20 cycles (see Fig. S2h and l). The
increment in the shape factor (will be explained below) is caused
by isolated void pockets growing larger and becoming inter-
connected as the material is cycled, which is evidenced by the
change in the number of isolated pores per unit volume from
about 2.5 mm3 at the pristine stage to 1 mm3 after 20 cycles.
As a result, the characteristic feature size of the pore space
becomes coarser upon battery cycling. The observed development
of the pore space at the sub-particle scale is interesting because
the studied Li2Ru0.5Mn0.5O3 electrode has layered structure and
undergoes Li intercalation and deintercalation reactions, which are
usually considered to be fairly reversible without signiﬁcant
changes in the skeleton structure. To better understand the origins
of the morphological changes observed at the particle level in the
Li2Ru0.5Mn0.5O3 electrode, in situ XRD measurement was con-
ducted during the ﬁrst charge and discharge cycle (see Fig. S3).
Although the evolution of the major (003) diffraction peak (in-
dexed with regular layered structure with R-3m space group) re-
mains reversible during charge and discharge process, a signiﬁcant
peak broadening can be observed at highly charged (delithiated)
stage, indicating a signiﬁcant local distortion occurs at this stage.Further ex situ EXAFS measurements were employed to provide
more elemental speciﬁc information. The decreased intensity of
the Ru-M (M¼Ru, Mn) peak obtained from Fourier transformation
of the Ru K-edge EXAFS (Fig. S3b) suggests that the distortion of
local atomic arrangement is more closely associated with Ru at
deeply charged state. This elemental speciﬁc behavior is different
from Li rich NMC-type electrodes, whose EXAFS ﬁngerprints are
presented in Fig. S3b for comparison. In Li rich NMC electrode,
similar amount of EXAFS changes are observed in all the three
transition metal elements. In contrast, the difference in EXAFS data
observed in RuMn electrode at the Ru and Mn K-edge, respectively,
suggests that the strong elemental dependent changes take place
in a Ru containing system, and mostly near Ru sites. This elemental
speciﬁc behaviour could, therefore, be responsible for the different
morphological changes observed in Li2Ru0.5Mn0.5O3 than that in Li
rich NMC typed Li1.2Mn0.525Ni0.175Co0.1O2 reported previously [55].
2.2.2. Diversity in optical density distribution
In addition to the 3D meso/nano scale morphological evolution
of particles, it is also important to study the changes in the che-
mical composition and the degree of chemical heterogeneity
within the particles upon cycling. The optical density (i.e. ab-
sorption coefﬁcient) of the electrode material, which was quanti-
ﬁed by applying the Beer-Lambert law [57] in the processing of the
X-ray imaging data, can be used as an indicator to evaluate the
relative density of the electrode materials [58]. Since the optical
density can be sensitive to particle volume change, it is often
adapted in studying battery electrodes that undergo conversion
and alloying types of reactions [58–60]. In this study, the electrode
undergoes insertion-type reaction and all samples used for TXM
experiments were recovered at the fully discharged condition. The
absolute optical density is not expected to show signiﬁcant dif-
ference among the samples investigated. As a result, here we focus
on the relative diversity of the particle's optical density by means
of recording the full width at half maximum (FWHM) of the peaks
in the histogram of the normalized optical density for the re-
constructed 3D volumes, as shown in Fig. S4. While the pristine
and the 01-cycled particle show similar relative diversity, the 10-
cycled and the 20-cycled samples, especially the 20-cycled sample,
appear to be signiﬁcantly more heterogeneous in the optical
density distribution as evidenced by signiﬁcant peak broadening
in the histogram plot. This phenomenon suggests that the elec-
trochemical reaction and, possibly, the dissolution/precipitation
process occur at different rates at different locations within the
particle, resulting in increased density heterogeneity of the ma-
terial with increasing cycling number.
2.2.3. Evolution of Mn oxidation state upon cycling
Although the evaluation of the optical density diversity pro-
vides valuable information concerning the more heterogeneous
nature of the particle resulted from cycling, the spatial distribution
of the valance state of Mn and the chemical composition of the
sample cannot be directly probed through investigating the sam-
ple's optical density. In this work, we adapted the full ﬁeld
TXMXANES method [55,61] to evaluate the distribution of the
oxidation state of Mn throughout the particles. In the TXM XANES
study, transmission images of the particles are acquired as the
incoming X-ray energy is tuned at ﬁne steps across the Mn ab-
sorption K-edge. After the image stack is properly registered and
normalized [62–64], the edge positions for each individual pixel
are determined by searching for the energy value at 0.5 of the
normalized absorption step height. Maps of the Mn edge positions
could, therefore, be generated for all the samples, as shown in
Fig. 3a–d with the color legend shown on the right. The respective
Mn edge-jump maps, which are associated with the projected
distribution of the Mn concentration, are applied as the
Fig. 3. 2D nanoscale mapping of the distribution of the Mn oxidation states in particles with different cycling history. The change in the overall color in panels a through d
indicates the fact that the overall Mn oxidation is reduced upon cycling up to 20 cycles. Panel e) shows the bulk XANES of Mn for the particle with the highlighted area
magniﬁed in the corresponding inset. Panel f) shows the histogram of the Mn edge shift maps shown in panel a)–d). The peak shifting and broadening suggest that the
reduction of Mn oxidation state upon cycling is accompanied by the increment in the chemical heterogeneity.
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tration of this approach is shown in supplementary Fig. S5, where
the 2D Mnk-edge position map of a 10-cycled particle is presented
with two selected pixel Mn XANES spectra plotted (red and green,
as highlighted by the arrows).
As shown in the magniﬁed inset in Fig. S5b, the Mn K-edge
position of the green pixel shifts toward the lower X-ray energy,
indicating the Mn in the green pixel becomes more reduced
compared to the red one. For a more intuitive comparison, the
bulk Mn spectra (the total signal from the entire particle) are
plotted in Fig. 3e. As shown in the enlarged inset, the bulk spec-
trum clearly shifted by 3 eV towards the lower energy after 20
cycles. The change in the Mn oxidation state over cycling is very
likely driven by oxygen release, which is one of the main causes of
voltage fading and could have safety concerns. It is useful to point
out that similar phenomenon has been seen in NMC type Li-rich
electrodes [36,65,66]. Unlike the NMC type Li-rich materials,
which consist of LiMO2 and Li2MnO3 short-range ordered domains
[67], the Li2Ru0.5Mn0.5O3 cathode material forms a solid solution
[48]. However, the presence of Ru did not conﬁne the migration
and, possibly, dissolution and precipitation of the metal cations
completely during the battery cycling. This observation further
suggests that the migration and dissolution is an intrinsic and
general problem for Mn in lithium-rich layered oxide cathodes.
In additional to the overall reduction of the oxidation states of
Mn, the spatially resolved TXM XANES data also allows the eva-
luation of the Mn oxidation state diversity that is quantiﬁed by the
FWHM of the peak in the histogram plot of the Mn edge position
maps (Fig. 3f). Interestingly, a broadening of the peak is also ob-
served, suggesting the variation range of the Mn oxidation state is
enhanced upon cycling. Further investigation of the depth de-
pendency of the chemical phase distribution is of particularimportance because it could offer valuable insight into the reaction
mechanisms. As schematically illustrated in Fig. 4a, we regrouped
the pixels in the Mn oxidation state maps and evaluated the
averaged Mn oxidation state in every single-pixel-thick shell as a
function of the distance from the particle surface. The depth de-
pendency plots of all the four samples are shown Fig. 4b. The
pristine particle and the 01-cycled particle show offset in the Mn
edge positions (echoing the result presented above in the Fig. 3e
and f). However, both the pristine and the 01-cycled particle show
no sign of the depth heterogeneity. This result suggests that, at the
early stage of the battery lifetime, the Mn oxidation state reduc-
tion was quite evenly distributed throughout the particles. It is
very interesting to note that the 10-cycled particle shows strong
depth dependency, which indicates that the Mn reduction beha-
vior (possibly associated with the oxygen release) develops
slightly faster on the particle surface. This depth difference builds
up until the interconnected pore network was developed. In the
20-cycled particle, the depth heterogeneity is suppressed. One
plausible explanation is that once the interconnected pore net-
work is formed, the electrolyte ﬂows in and establishes a new solid
to electrolyte contact within the original particle contour. In this
scenario, the new reaction pathway is established through new
solid-to-electrolyte contacts. As a result, the distribution of the Mn
oxidation state's depth dependency with respect to the original
particle boundary breaks down. These results demonstrated the
power of our combined spectroscopic and imaging approaches:
the spectroscopic data helps to elucidate the origin of the mor-
phologic changes and the depth dependent Mn oxidation state
mapping helps to understand the location of where the most
changes initiate.
Fig. 4. Evaluation of the Mn oxidation distribution's depth dependency. Panel a) shows schematically how the pixels are regrouped and the shell layers are identiﬁed for the
evaluation of the distribution of the Mn oxidation state's depth dependency. Panel b) shows the depth dependency of the Mn oxidation state in the four samples studied.
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To summarize our observations a spider web plot is shown in
Fig. 5. In this plot, there are six axes representing six different
aspects of the morphological and chemical characteristics of the
samples including the porosity, the shape factor (ε_complexity),
the number of isolated pores per unit volume, the bulk Mn K-edge
XANES shift, the optical density diversity, and the Mn oxidation
state diversity. In general, for samples at fully discharged state,
upon electrochemical cycling the particles change from a higher
oxidation state of Mn with ﬁne isolated pore structures to more
reduced state of Mn and more porous particles with larger het-
erogeneity in density and chemistry. Almost all of these para-
meters change monotonically except for the optical density di-
versity, which could be caused by particle-to-particle variation. It
is interesting to observe that while the bulk Mn XANES spectraFig. 5. Spider web plot summarizing the morphological and chemical changes in the par
within the particle. The ε_complexity is deﬁned as (ε_complexity¼V1/3⁄S1/2) , where V is
isolated pores/V” is deﬁned as the number of isolated pores per unit volume. The bulk
6550 eV. The “Optical density diversity” is deﬁned as the FWHM of the histogram of t
diversity” is deﬁned as the FWHM of the histogram of the Mn edge shift maps shown ialready changed noticeably after the ﬁrst cycle, the Mn oxidation
state diversity did not develop much until 10 or 20 cycles. This
suggests that the possible oxygen release is initiated at an early
stage and on the other hand, the chemical heterogeneity at meso
to nano scale is developed after the ﬁrst 10 cycles.
In addition to the general heterogeneity, the depth dependency
of the distribution of the oxidation state of Mn was also in-
vestigated. Strong depth dependency appeared in the 10-cycled
sample and was suppressed in the 20-cycled sample. This ob-
servation suggests the development of the interconnected pore
network has a strong inﬂuence on the reaction pathway. These
results clearly indicate that the voltage fade of the Li2Ru0.5Mn0.5O3
is directly linked to the reduction of Mn and electrochemical
performance is deteriorated with more damaged internal structure
upon electrochemical cycling. In addition, the signiﬁcant mor-
phological changes are caused by the extensive lithiumticles upon cycling. The porosity is deﬁned as the volume fraction of the pore space
the total volume and the S is the total surface area of the pore space). The “Num of
Mn XAS edge shift is the edge position shift (as shown in Fig. 2e) with respect to
he relative optical density distribution shown in Fig. S2. The “Mn oxidation state
n Fig. 2f.
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doping, substitution etc.) or nano engineering (e.g. nano-sizing,
heterogeneous structure) is very important to mitigate the internal
strain and maintain structural integrity for designing and syn-
thesizing lithium-rich layered materials with better cycle stability.
This work also highlights the importance of the experimental
observation of the electrode materials on the particle level to
provide insight for optimal material design.4. Material and methods
4.1. Material synthesis
The Li2Ru0.5Mn0.5O3 samples were prepared by a solid state
reaction. Li2CO3 (Alfa Aesar, 99%), MnCO3 (Alfa Aesar, 99.9%) and
RuO2 (Alfa Aesar, 99.9%) were mixed and homogenized by hand
grinding for 1 h. The resulting mixture was heated at 900 °C for
15 h and 950 °C for 15 h with an intermediate grinding for 30 min.
Furnace heating and cooling rates were maintained at 2 °C min1.
Cathode electrodes were prepared by slurring the active material
with 10 wt% carbon black and 10 wt% poly-vinylidene ﬂuoride
(PVDF) in N-methylpyrrolidone (NMP) solvent, and then coating
the mixture on Al foil. After vacuum drying at 60 °C for 24 h,
electrode disks were punched and weighed. The cathodes were
incorporated into cells with a high-purity lithium metal foil anode
and a Celgard separator. LiPF6 (1 M) in ethylene carbonate and
dimethyl carbonate with a volume ratio of 1:1 was used as the
electrolyte. The 2032-type coin cells were assembled in an argon-
ﬁlled glove box for electrochemical tests.
4.2. Material characterization
X-ray diffraction experiments were carried out using beamline
17-BM-B (λ¼0.72768 Å) at the Advanced Photon Source at Ar-
gonne National Laboratory. X-ray absorption spectroscopy (XAS)
experiments were conducted at the Beamline 2–2 of Stanford
Synchrotron Radiation Light Source and the beamline 9-BM-B of
Advanced Photon Source [68]. Aberration-corrected high-angle
annular-dark-ﬁeld (HAADF) scanning transmission electron mi-
croscopy (STEM) was performed using JEOL ARM 200F (JEOL, To-
kyo, Japan) transmission electron microscope operated at 200 keV.
The attainable spatial resolution of the microscope is 80 picometer
at an incident angle of 40 mrad [69].
4.3. X-ray nanotomography
The Li2Ru0.5Mn0.5O3 electrode was sampled at different stages of
the battery lifetime: pristine (prior to any electrochemical cycling),
01-cycled, 10-cycled, and 20-cycled. The powder was loaded into
quartz capillary (100 mm in diameter and 10 mm wall thickness) for
TXM imaging experiments. X-rays coming from a 56 pole wiggler is
monochromatized by a double Si (111) monochromator (energy
resolution at 1 eV) and focused by a capillary condenser for illu-
mination of the sample. A Fresnel zoneplate with 200 mm diameter
and 30 nm outermost zonewidth was used as an objective lens that
projects the image to the CCD detector, achieving an effective pixel
size at about 33.1 nm. More details of the experimental setup and
the descriptions of the nanoscale X-ray imaging methodology can
be found in the literature [55]. We also refer to the work by Nelson
et al. [70,71] for benchmark the nanoscale morphological quantiﬁ-
cation using TXM against using FIB-SEM technique. In our experi-
ment, the typical single exposure is set at 0.5 s, achieving photon
counts of 2500 per pixel on the CCD. For the 3D morphological
study, full tomographic data that covers 90 to 90 degrees with
angular step at 0.5 degrees was acquired with incoming X-rays of8500 eV. In addition to the sufﬁcient photon counts and the ﬁne
angular steps, the quality of the reconstruction is further enhanced
by adapting an iterative tomographic algorithm known as the
Algebraic Reconstruction Technique (ART) [72].
TXM XANES:For the TXM XANES study, the full ﬁeld imaging
was coupled with the energy scan across the Mn absorption edge
by tunning the monochromator installed upstream of the experi-
mental station. Projection images with and without the sample
were collected at more than 100 energy points across the Mn
K-edge. The image background correction was performed by ap-
plying the Beer-Lambert law [57]. We can, therefore, study the
change of the spatially resolved absorption coefﬁcient as a func-
tion of the X-ray energy. This type of spectroscopic analysis con-
tains the ﬁngerprint information of the chemical species including
the oxidation state. Thanks to the high brightness provided by the
synchrotron X-ray source, the TXM XANES scan typically takes
only about 10–20 min. As a result, the TXM XANES could also be
applied to in situ observation of the chemical reactions in battery
electrode [73–76]. The reference image correction, image regis-
tration, XANES spectra normalization and analysis, tomographic
reconstruction were performed using an SSRL in-house developed
software package known as the TXM-Wizard [77].Acknowledgments
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